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Abstract		Sound	travels	through	the	external	and	middle	ear	to	the	fluid-filled	cochlea	where	mechanosensitive	hair	cells	transform	it	into	electrochemical	signals.	On	the	apical	side	of	each	hair	cell,	a	set	of	hair-like	protrusions,	called	stereocilia	form	a	bundle	with	filamentous	connections	(tip	links)	that	are	essential	for	hearing.	In	response	to	the	mechanical	force	generated	by	sounds	waves,	stereocilia	move	back	and	forth,	thereby	stretching	tip	links	and	opening	nearby	transduction	channels.	The	tip	link	is	formed	by	two	non-classical	cadherins,	Cadherin-23	(CDH23)	and	protocadherin-15	(PCDH15),	which	are	members	of	the	cadherin	superfamily	of	calcium-dependent	adhesion	proteins.	CDH23	has	27	extracellular	cadherin	(EC)	repeats	and	PCDH15	contains	11	EC	repeats.	Single	missense	mutations	in	PCDH15	are	known	to	cause	deafness,	and	absence	of	this	protein	leads	to	both	deafness	and	blindness.	A	recent	study	showed	that	a	point	mutation	(V767-)	located	in	the	PCDH15	EC7	repeat	is	pathogenic.	My	project	focuses	on	determining	the	structure	of	the	PCDH15	EC7	to	EC8	fragment	via	X-ray	crystallography,	both	to	understand	its	function	in	hearing	and	to	discover	the	structural	effects	of	pathogenic	mutations.		In	a	first	step	to	achieve	these	goals	we	used	a	DNA	construct	that	encodes	for	the	mouse	PCDH15	EC7-8	fragment	to	express	it	in	a	bacterial	system.	After	transformation	and	culture,	we	successfully	observed	protein	expression.	However,	the	protein	fragment	was	not	soluble	and	aggregated	in	inclusion	bodies.	Therefore,	I	did	protein	purification	under	denaturing	conditions,	followed	by	refolding	and	size-exclusion	chromatography,	and	obtained	pure	folded	protein	amenable	for	crystallization.	I	obtained	protein	crystals	that	diffracted	when	exposed	to	X-rays	
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and	then	refined	the	crystallization	conditions	to	obtain	a	full	data	set	with	a	resolution	of	2.0	Å.	Using	this	data	set	I	found	a	molecular	replacement	solution	for	the	first	crystal	structure	of	PCDH15	EC7-8,	which	I	am	currently	refining.	In	this	thesis	I	will	describe	each	of	the	steps	involved	in	obtaining	the	structure	of	PCDH15	EC7-8	and	will	discuss	how	the	study	of	this	structure	will	help	us	understand	the	mechanisms	of	mechanotransduction	in	normal	and	impaired	hearing.		 																															
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Chapter	1:	Introduction	Hearing,	as	the	ability	to	perceive	sound	by	detecting	vibrations,	is	considered	to	be	one	of	the	most	important	sensations	in	all-living	organisms	and	in	humans.	However,	deafness	is	found	to	be	the	most	common	loss	of	perception	as	it	affects	more	than	40	million	people	in	the	United	States1.	Deafness,	an	aetiological	heterogeneous	trait,	is	caused	by	various	genetic	and	environmental	factors2.	It	does	not	only	have	a	great	influence	in	one’s	life,	but	also	impacts	the	whole	family3.	Hearing	loss	has	been	observed	in	up	to	20%	of	10	year-old	children4.	Unfortunately,	it	is	often	hard	to	diagnose	and	treat	auditory	disease	because	the	sensory	hair	cells	do	not	have	the	ability	to	regenerate3,5.		Potential	hearing	loss	treatments	have	been	discovered,	such	as	partial	deafness	treatment	(PDT),	which	utilizes	both	electrical	and	acoustic	stimulation	to	enable	hearing6.	Nonetheless,	our	knowledge	of	hearing	impairment	is	very	limited	and	genetic	treatments	for	hearing	loss	have	not	been	successfully	developed	yet.	To	elucidate	the	mechanism	of	some	forms	of	hereditary	deafness,	we	want	to	take	an	in-depth	look	at	the	structure	of	a	non-classical	cadherin,	protocadherin-15	(PCDH15),	which	is	crucial	for	auditory	mechanotransduction7,8.	Therefore,	I	will	first	introduce	the	role	of	PCDH15	in	normal	hearing	and	the	basics	of	the	cadherin	family	in	Chapter	1.	Next,	I	will	discuss	how	I	produced	and	purified	a	fragment	of	PCDH15	(EC7-8)	in	Chapter	2.	In	Chapter	3,	I	will	illustrate	the	process	of	protein	crystallization	and	data	collection.	Finally,	I	will	analyze	the	preliminary	structure	of	protocadherin-15	EC7-8,	its	calcium-binding	motifs,	its	mutation	sites	related	to	deafness,	and	its	possible	interfaces.	
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1.1	Hearing,	mechanotransduction,	and	the	tip	link	Sound	travels	from	the	outer	ear	through	the	external	auditory	canal	to	the	tympanic	membrane	causing	it	to	vibrate.	The	eardrum	then	propagates	the	vibration	to	the	ossicles,	where	the	sound	energy	is	transmitted	over	to	the	oval	window	at	the	entrance	of	the	cochlea	(Fig.	1).	The	cochlea,	a	spiral-shaped,	fluid-	
	filled	organ	embedded	in	the	temporal	bone,	houses	the	basilar	and	tectorial	membranes	and	the	organ	of	corti	where	mechanotransduction	takes	place.	The	sound	energy	causes	oscillation	of	specific	regions	of	the	basilar	and	tectorial	membranes	(Fig.	2).		
Figure	1:	The	external	ear	contains	the	auricle,	ear	canal,	and	tympanic	membrane.	The	middle	ear	contains	the	ossicles	and	is	connected	to	the	pharynx	by	the	Eustachian	tube.	The	inner	ear	contains	the	cochlea	and	vestibule,	which	are	responsible	for	audition	and	equilibrium,	respectively.	From	32.	
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On	top	of	the	basilar	membrane	is	the	organ	of	corti,	which	contains	sensitive	receptor	cells	called	inner	and	outer	hair	cells.	On	the	apical	side	of	the	inner	hair	cell	sits	the	stereocilia	bundle	(Fig.	3a),	which	is	responsible	for	detecting	fluid	vibration	in	the	cochlear	duct9.	The	stereocilia	tips	of	outer	hair	cells	are	embedded	in	the	tectorial	membrane	and	detect	movement	of	the	basilar	membrane	relative	to	the	tectorial	membrane.	The	stereocilia	rows	arrange	in	order	of	increasing	height	and	are	connected	to	each	other	by	a	filamentous	structure	called	the	tip	link10	(Fig.	3b-d).	Mechanical	force	from	sound	causes	the	stereocilia	to	deflect,	thereby	stretching	the	tip	links	and	opening	nearby	transduction	channels11.	When	stereocilia	bends	in	the	direction	of	the	tallest	stereocilium,	tip	links	stretch;	mechanotransduction	ion	channels	then	open	and	allow	potassium	ions	to	enter	the	cell.	The	influx	of	potassium	ions	causes	the	cell	to	depolarize	and	generate	action	potentials	in	afferent	neurons.	When	stereocilia	bundle	bends	in	the	direction	of	the	shortest	stereocilium,	tip	links	slack;	mechanotransduction	ion	channels	then	close	and	stop	the	potassium	current.	The	cell	then	hyperpolarizes	and	neurotransmitter	release	decreases	or	stops.	The	tip	link	consists	of	two	proteins:	Protocadherin-15	(PCDH15)	and	Cadherin-23	
Figure	2:	Anatomy	of	organ	of	corti.	From	33.	
Basilar	membrane	Spiral	ganglion	
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(CDH23),	which	are	essential	for	hearing	and	belong	to	the	cadherin	superfamily	of	proteins.			
			
	
	
Figure	3:	Mechanotransduction	in	vertebrate	hair	cells	(a)	Hair	cell	stererocilia	align	in	increasing	height	toward	the	tallest	stereocilia,	which	defines	the	excitatory	axis.	(b)	Tip	link	structure	consists	of	CDH23	and	PCDH15	and	connects	the	top	of	one	stereocilia	to	the	side	of	its	tallest	neighbor.	(c)	Stereocilia	deflect	during	mechanotransduction.	(d)	A	close	up	look	of	the	tip-link	region	with	ion	channels	located	at	the	lower	end	of	each	tip	link.	Adapted	from	30.		
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1.2	The	cadherin	superfamily	of	proteins	and	the	role	of	calcium	The	cadherin	superfamily	includes	classical	cadherins,	as	well	as	clustered	and	non-clustered	protocadherins,	all	with	extracellular	cadherin	(EC)	repeats12,13.	Cadherins	can	be	seen	as	a	significant	component	of	various	living	multicellular	organisms,	which	plays	an	important	role	in	cell	signaling	and	mechanical	processes13.	The	structure	of	cadherin	has	been	recognized	as	EC	“repeats”	that	position	in	series	with	calcium	ions	in	between	the	EC	repeats	that	modulate	their	elasticity	and	mediate	its	cell-cell	adhesion	ability14.	The	function	of	calcium	ions,	which	support	the	structural	integrity	of	cadherin’s	linker	regions,	has	been	studied	using	biochemical	and	computational	tools15–17.		
	
The	result	shows	that	the	extracellular	domain	is	capable	of	maintaining	its	crystal	conformation	with	calcium	ions	by	forming	an	elongated	and	curved	structure,	
Figure	4:	Calcium	ions	impact	C-cadherin	conformation.	Simulations	of	the	complete	C-cadherin	extracellular	domain	with	and	without	Ca2+	ions,	respectively	(A	and	B).	The	protein	is	shown	in	cartoon	representation	and	its	surface	is	drawn	in	transparent	orange.	Green	and	red	spheres	are	crystallographic	Ca2+	and	terminal	Cα	atoms.	Screenshots	of	the	complete	extracellular	domain	of	C-cadherin	after	10	ns	of	equilibration	in	the	presence	of	Ca2+	ions	(C),	in	the	absence	of	Ca2+	ions	(D),	respectively.	While	C-cadherin	remains	curved	when	simulated	in	the	presence	of	Ca2+,	its	shape	is	lost	after	10	ns	of	dynamics	in	the	absence	of	Ca2+.	Adapted	from	16.	
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while	its	structure	is	flexible	without	the	presence	of	calcium	ions16.	Thus,	calcium	ions	are	essential	for	cadherin	to	establish	and	maintain	its	proper	conformation.			
1.3	Tip	link	interactions	and	structure	of	CDH23	and	PCDH15	tips	
	Hair	cells	are	the	mechanosensors	responsible	for	transducing	mechanical	forces	originated	from	sound	waves	and	head	movements1.	Hair	cells	then	convert	the	mechanical	forces	into	electrochemical	signals,	which	can	be	sent	to	the	brain	through	the	auditory	nerve1.	The	mechanoelectrical	transduction	channel	locates	near	the	tips	of	stereocilia,	where	the	extracellular	tip-link	filaments	are	located18,19.	This	fine	filament	structure	is	composed	of	two	proteins,	CDH23	and	PCDH15,	whose	mutations	are	known	to	cause	deafness20,21,7.		Crystallography	and	molecular	dynamics	simulations	studies	have	been	conducted	to	determine	how	CDH23	binds	to	PCDH15.	A	unique	“handshake”	model	has	been	found	to	be	the	cadherin	interaction	mechanism,	in	which	an	antiparallel	heterodimer	between	the	two	most	amino-terminal	cadherin	repeats	(EC	repeats	1	and	2)	of	each	protein	is	formed22.		The	complex	is	calcium-dependent,	as	these	ions	provide	rigidity	and	facilitate	the	handshake	interaction.	Multiple	missense	mutations	at	calcium	binding	sites	and	at	the	handshake	interface	are	known	to	cause	deafness7,22.		Figure	5:	Ribbon	diagram	of	PCDH15	EC1+2	(purple)	interacting	with	CDH23	EC1+2	(blue)	with	Ca2+	ions	as	green	spheres.	Adapted	from	22.	
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1.4	PCDH15	EC7-8	 	PCDH15	is	one	of	the	non-classical	members	of	the	cadherin	superfamily	that	have	multiple	EC	repeats.	There	have	been	vast	studies	focusing	on	classical	cadherins,	but	we	only	have	limited	knowledge	about	the	non-classical	cadherins,	such	as	PCDH15.	To	our	knowledge,	the	structure	of	PCDH15	EC4-11	has	never	been	discovered.	Thus,	by	studying	the	EC7-8,	it	could	allow	us	to	have	a	further	insight	of	this	cadherin	complex.		
Figure	6:	Cartoon	display	of	PCDH15	EC	repeats	with	EC7-8	marked	in	red.		Based	on	the	structure	of	PCDH15	EC1-2,	we	predict	that	PCDH15	EC7-8	is	about	200	amino	acids	in	length,	which	weighs	about	24	kDa.	A	point	mutation	in	EC7	is	known	to	cause	non-syndromic	deafness23.	In	addition,	we	also	find	an	interesting	variation	in	EC7	at	one	of	its	calcium-binding	motifs	(DYE).	Resolving	the	structure	of	PCDH15	EC7-8	will	allow	us	to	understand	the	role	of	the	deafness	mutation	in	EC7,	the	structural	implications	of	the	sequence	variation	in	EC7’s	calcium-binding	motifs,	and	also	possible	parallel	dimers	of	PCDH15.					
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Chapter	2:	Producing	the	protein		 	Hearing	is	extremely	important	for	vertebrate	life,	and	here	we	focus	on	the	structures	of	tip	link	proteins	that	are	essential	for	inner-ear	mechanotransduction.	Studying	the	structure	of	protocadherin-15	(PCDH15)	fragments	that	form	part	of	the	tip	link	could	allow	us	to	have	a	better	understanding	of	its	role	in	hearing	mechanotransduction.	Our	group	has	studied	the	tip-link	interaction	involving	small	PCDH15	and	CDH23	tips,	but	the	whole	structure	of	PCDH15	has	not	been	solved	yet.	Thus,	our	group	has	designed	various	constructs	to	express	and	purify	fragments	of	PCDH15.	I	worked	with	one	of	them	encoding	for	Mus	musculus	PCDH15	EC7-8,	and	used	it	for	expression,	purification	and	crystallization	as	described	in	this	chapter.			
2.1	Cloning,	propagation,	and	sequencing	of	mmPCDH15EC7-8		The	Mus	musculus	PCDH15	cDNA	was	used	as	the	source	for	cloning	PCDH15	EC7-8	into	the	pET21a	vector	(cloning	performed	by	Dr.	Sotomayor	and	co-workers).	The	fragment	construct	was	designed	by	using	the	published	structure	of	PCDH15	EC1-2	as	a	reference	(Protein	Data	Bank	code	4APX).	Dr.	Sotomayor	designed	primers	that	allowed	amplification	of	the	desired	fragment	and	included	the	sequence	of	NdeI	and	XhoI	restriction	enzyme	sites.	After	amplification	using	PCR,	the	restriction	enzymes	NdeI	and	XhoI	were	used	to	digest	the	amplified	sequence	(PCR	product),	which	was	then	ligated	to	a	digested	plasmid	vector	pET21a(+).	The	pET21	vector	carries	an	ampicillin	resistance	gene,	an	isopropyl	β-D	thiogalactopyranoside	(IPTG)	
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inducible	T7	promoter,	and	a	C-terminal	six-histidine	tag	to	allow	for	Ni-affinity	purification	of	the	expressed	gene	fragment.	I	used	DH5α	E.	coli	cells	and	standard	“miniprep”	protocols	to	propagate	and	obtain	more	mmPCDH15EC7-8	DNA	plasmid.	The	length	of	the	insert	was	verified	by	NdeI	and	XhoI	enzyme	digestions	and	agarose	gel	analysis.	In	addition,	the	plasmid	was	sequence	verified	with	the	T7	promoter	and	T7-terminator	primers.			
2.2	Protein	expression	of	PCDH15	EC7-8	BL21-Gold	(DE3)	E.	coli	cells	were	used	to	express	the	PCDH15	EC7-8	construct.	These	cells	contain	the	T7	polymerase	gene	and	have	been	modified	for	high	efficiency	protein	production.	All	BL21	cells	were	grown	in	Lysogeny	Broth	(LB)	medium.		To	test	for	protein	expression,	single	colonies	of	transformed	BL21	cells	were	inoculated	and	grown	overnight.	Then,	a	small	amount	of	25	mL	expression	culture	with	100	µg/mL	of	ampicillin	was	inoculated	with	200	µl	of	the	overnight	culture	and	incubated	at	37	°C	until	the	culture	reached	an	OD600	of	0.6,	at	which	point	IPTG	was	added	for	a	final	concentration	of	200	µM.	The	cells	were	grown	at	37	°C	with	shaking	overnight,	and	were	then	pelleted	by	centrifugation.	A	small	sample	of	pellets	was	resuspended	in	SDS	loading	buffer	and	boiled	for	denaturation.	The	sample	was	then	loaded	onto	a	SDS-PAGE	gel	and	stained	with	Coomassie	to	determine	the	expression	of	the	protein	fragment	of	interest.	Protein	expression	for	mmPCDH15	EC7-8	was	successful	(Fig.	7).		The	PCDh15	EC7-8	protein	was	then	expressed	at	a	larger	scale	for	further	biochemical	assessments	and	crystallization	
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assays.	A	2	L	large	culture	was	inoculated	with	25	mL	of	overnight	BL21	cell	culture.	The	liquid	medium	was	preheated	to	37	°C	for	optimal	growth	prior	to	the	addition	of	the	cell	culture.	The	large	culture	was	then	grown	until	the	OD600	reached	0.6,	induced	with	IPTG	(200	µM	final	concentration),	and	incubated	overnight	at	37	°C.	On	the	following	day,	the	cells	were	collected,	pelleted,	and	stored	at	-20	°C.		
	
	
2.3	Purification	and	one-step	refolding	of	PCDH15	EC7-8	Protocadherins	have	a	tendency	to	form	inclusion	bodies.	Thus,	PCDH15	fragments	were	purified	under	denaturing	conditions.	Sonication	was	first	used	to	lyse	the	pelleted	cells	with	a	denaturing	binding	buffer	(20	mM	Tris-HCl	pH	7.5,	10	mM	CaCl2,	6	M	guanidinium	hydrochloride,	and	20	mM	imidazole	pH	7.5).	Roughly	35	mL	of	binding	buffer	was	added	to	6	g	of	cell	pellet.	The	lysate	was	then	centrifuged	at	20,000	rpm	for	30	minutes	at	4	°C	to	wash	off	any	cellular	debris.	After	centrifugation,	the	protein-rich	supernatant	was	incubated	with	Ni-sepharose	high	performance	beads	for	one	hour	at	4	°C.	After	incubation,	the	mixture	was	centrifuged	again	at	3,000	rpm	for	5	minutes	at	4	°C	and	the	supernatant	was	decanted.	The	Ni	beads	were	washed	again	and	the	mixture	was	then	placed	in	the	
Figure	7:	Protein	expression	result	of	PCDH15	EC7-8	at	37	oC	at	0hr	vs.	overnight.	Molecular	weight	of	PCDH15	EC7-8	is	~24	kDa,	marked	in	red.	
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denaturing	elution	buffer	with	high	imidazole	concentration	(20	mM	Tris-HCl	pH	7.5,	10	mM	CaCl2,	6	M	guanidinium	hydrochloride,	and	500	mM	imidazole	pH	7.0)	to	elute	the	protein	(Fig.	8).		To	refold	PCDH15	EC7-8,	the	protein	elution	was	diluted	with	denaturing	elution	buffer	to	a	concentration	of	<	0.5	mg/mL.	The	diluted	protein	was	dialyzed	at	4°C	overnight	using	buffer	D	(20	mM	Tris-HCl	pH	8.0,	5	mM	CaCl2,	150	mM	KCl,	5	mM	CaCl2,	10%	Glycerol),	which	dilutes	guanidinium	hydrochloride	from	the	protein	solution	to	promote	refolding	of	the	protein	fragment.	We	found	that	glycerol	was	able	to	assist	PCDH15	EC7-8’s	refolding	by	preventing	protein	precipitation.	After	overnight	dialysis,	the	protein	solution	was	collected	and	centrifuged	at	20,000	rpm	for	30	minutes	at	4	°C	to	remove	precipitations.	After	centrifugation,	the	protein	solution	was	concentrated	with	a	10,000	MWCO	filter	(polyethersulfone	membrane)	to	concentrations	ranging	between	3	to	9	mg/mL	for	future	size-exclusion	chromatography	(SEC)	and	subsequent	protein	crystallization.					
Figure	8:	Protein	purification	result	analyzed	by	SDS-PAGE.	First	lane:	Protein	ladder.	Second	lane:	flow	through.	Third	lane:	first	wash	with	binding	buffer.	Fourth	lane:	second	wash	with	binding	buffer.	Fifth	lane:	Protein	elution.	Molecular	weight	of	PCDH15	EC7-8:	24	kDa.		
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Figure	9:	Process	of	size-exclusion	chromatography	(SEC).	(A)	Schematic	picture	of	a	bead	with	an	electron	microscopic	enlargement.	(B)	Schematic	drawing	of	sample	molecules	diffusing	into	bead	pores.	(C)	Graphical	description	of	separation:	(i)	sample	is	applied	on	the	column;	(ii)	the	smallest	molecule	(yellow)	is	more	delayed	than	the	largest	molecule	(red);	(iii)	the	largest	molecule	is	eluted	first	from	the	column.	(D)	Schematic	chromatogram.	Adapted	from	34.		
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2.4	Purification	of	PCDH15	EC7-8	 	The	protein	was	further	purified	by	SEC	(Figs.	9	&	10)	with	a	S200	Superdex	16/60	GL	(GE	Healthcare)	column	and	buffer	containing	20	mM	Tris	HCl	pH	8.0,	150	mM	KCl	and	5	mM	CaCl2.	This	method	separates	protein	based	on	size,	as	the	porous	resin	of	the	column	traps	and	delays	proteins	with	low	hydrofluidic	volume	while	larger	proteins	bypass	the	pores	and	are	eluted	out	faster.	The	concentrated	protein	solution	was	filtered	before	loading	onto	the	column	by	using	a	0.45	µm	PES	membrane.	After	SEC,	I	used	Coomassie-stained	SDS-PAGE	to	determine	the	purity	and	integrity	of	the	eluted	fractions	(Fig.	10B).			
 						
Figure	10:	Size-exclusion	chromatography	result	of	refolded	PCDH15	EC7-8	(A)	and	SDS-PAGE	gel	analysis	of	peaks	(B).	 
A	 B	
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Chapter	3:	Crystallization	and	Data	Collection		Protein	crystallization	can	be	achieved	under	suitable	conditions	in	which	protein	molecules	form	repeating	patterns	by	non-covalent	interactions	within	the	protein	crystal24.	There	are	numerous	variables	that	can	affect	the	sensitivity	of	protein	crystallization	ability,	such	as	temperature,	ionic	strength,	protein	concentration	and	pH25.	Additionally,	the	growth	of	protein	crystals	also	requires	different	time	periods	and	it	is	nearly	impossible	for	us	to	predict	exact	crystallization	conditions	a	priori.		In	this	chapter,	I	will	explain	how	I	crystallized	PCDH15	EC7-8	and	how	I	designed	a	refinement	screen	to	search	for	good	diffracting	crystals.	After	successful	crystallization,	we	shot	the	crystals	with	X-rays,	obtained	a	complete	data	set,	and	used	molecular	replacement	to	determine	the	PCDH15	EC7-8	structure.	Our	final	model	at	2.0	Å	resolution	shows	for	the	first	time	the	architecture	of	these	EC	repeats,	including	canonical	calcium-binding	sites	at	the	linker	between	EC7	and	EC8	and	the	location	of	sites	that	are	mutated	in	hereditary	deafness.		
	
3.1	Crystallization	of	PCDH15	EC7-8	To	carry	out	X-ray	crystallography	on	PCDH15	EC7-8,	I	expressed	and	purified	this	protein	fragment	as	described	in	chapter	2.	The	protein	fragments	were	then	concentrated	to	4	mg/mL	and	7	mg/mL,	and	dispensed	on	a	96-well	sitting	drop	tray,	which	contained	a	larger	well	for	reservoir	solution	and	a	smaller	well	for	purified	protein	mixed	with	reservoir	solution	(Fig.	11).	The	protein	fragment	EC7-8	
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was	crystallized	by	sitting	drop	vapor	diffusion	method,	which	required	both	the	reservoir	buffer	and	purified	protein	to	be	within	a	closed	system.		
The	sitting	drop	utilized	the	principle	of	vapor	diffusion	between	the	reservoir	buffer	and	purified	protein	solution,	where	water	in	the	purified	protein	solution	vapors	into	the	reservoir	buffer	in	order	to	balance	concentration	and	reach	an	optimal	condition	for	protein	crystallization26,27.	At	first,	I	used	three	different	buffer	suites	to	determine	the	best	conditions	for	my	protein	construct’s	crystallization:	QiAGEN	classics,	PEG	(polyethylene	glycol),	and	cation	suites.	I	added	75	μL	of	reservoir	buffer	into	the	bigger	well,	0.6	μL	of	purified	protein	solution	into	the	smaller	well,	and	transferred	0.6	μL	of	reservoir	buffer	into	the	smaller	well.	The	trays	were	then	sealed	with	plastic	tape	and	stored	at	4	oC.	The	protein	crystallized	approximately	after	one	month	of	setting	up	the	trays.	I	closely	monitored	protein	growth	under	the	optical	microscope	during	this	month.	The	protein	crystallized	in	several	of	the	PEG	suite	conditions	at	the	concentration	of	4	mg/mL	(Fig.	12).			
Figure	11:	Protein	crystallization	by	sitting	drop	vapor	diffusion	method.	Adapted	from	35.	
	 24	
	
Dr.	Marcos	Sotomayor	“fished”	the	protein	crystal	with	a	0.05	mm	loop	and	shot	the	protein	crystal	with	X-rays	using	the	home	source	at	the	first	floor	of	the	Riffe	building	(RigakU	MicroMax	003).	The	diffraction	pattern	indicated	that	we	had	a	protein	crystal,	so	the	protein	crystal	was	saved	in	liquid	nitrogen	for	future	analysis	at	APS	(Advanced	Photon	Source)	in	the	Argonne	National	Laboratory.		
3.2	Refinement	of	PCDH15	EC7-8	crystallization	conditions	Based	on	the	protein	crystallization	condition	mentioned	above,	I	designed	my	refinement	screen	to	provide	an	optimal	set	of	conditions	for	crystal	growth	(Fig.	13).	The	crystals	I	observed	that	were	best	for	X-ray	diffraction	were	grown	in	ammonium	chloride	with	PEG	3350,	ammonium	sulfate	with	PEG	3350,	MES	with	PEG	20000,	and	ammonium	sulfate	with	glycerol	and	PEG	3350.	I	used	different	concentrations	of	PEG	3350,	PEG	20000,	ammonium	chloride	and	ammonium	sulfate,	as	well	as	MES	at	various	pH.			
Figure	12:	Protein	crystals	in	pre-screen	PEG	suite	under	different	conditions.		
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		After	monitoring	the	growth	of	protein	crystals	in	this	refinement,	I	suggested	that	the	protein	grew	best	in	ammonium	chloride	and	PEG	3350,	where	the	best	conditions	are	shown	in	red	in	Figure	13.			
	
	These	crystals	were	fished	by	Dr.	Marcos	Sotomayor	and	sent	to	APS	(Advanced	Photon	Source)	at	Argonne	National	Laboratory.	
	
	
Figure	13:	Refinement	screen	for	PCDH15	EC7-8	crystallization.	
Figure	14:	Protein	crystals	of	PCDH15	under	refinement	conditions.	
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3.3	Diffraction	data	collection	of	PCDH15	EC7-8		 		The	diffraction	data	for	EC7-8	crystals	were	collected	on	the	beamline	of	the	Advanced	Photon	Source	(APS)	at	Argonne	National	Laboratory.	Dr.	Marcos	Sotomayor	assisted	me	to	index,	integrate	and	scale	the	diffraction	data	with	HKL	2000.	 												
				
Figure	15:	Diffraction	of	PCDH15	EC7-8.	PCDH15	EC7-8	crystals	(Figure	13-B2)	grew	in	a	refinement	condition	containing	10%	ammonium	chloride	and	0.2	M	PEG	3350	and	diffracted	to	high	resolution	and	exhibited	no	signs	of	twinning,	making	structure	determination	feasible.	The	diffraction	image	is	the	dataset	that	was	used	to	determine	the	structure	of	the	EC7-8	fragment.		
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The	best	diffraction	data	we	got	was	under	the	condition	of	0.2	M	ammonium	chloride	and	10%	PEG	3500	with	final	resolution	of	2.0	Å.	The	space	group	we	observed	was	C121.	Preliminary	statistics	for	data	collection	and	refinement	are	shown	in	Table1	below.																					
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Data	collection	 MmPCDH15	EC7-8	Space	group	 C121	Unit	cell	parameters	 					a,	b,	c	(Å)	 135.796,	22.99,	70.741					α,	β,	γ	(°)		 90,	97.268,	90	Molecules	per	asymmetric	unit	 1	Beam	source	 APS-24-ID-C	Wavelength	(Å)	 0.9792	Resolution	limit	(Å)	 2.000	Unique	reflections		 14026	Completeness	(%)	 96.5	(82.1)	Redundancy	 3.1	(2.4)	
I	/	σ(I)	 5.4	
Rmerge	 0.045	
Rmeas	 0.054	
Rpim	 0.030	
CC1/2	 (0.974)	
CC*	 (0.993)	Refinement	 	Resolution	range	(Å)	 50.00-2.00	(2.03	–	2.00)	
Rwork	(%)	 0.1796	
Rfree			(%)	 0.2414	Residues	(atoms)	 212	(1575)	Water	molecules	 110	Rms	deviations	 					Bond	lengths	(Å)	 0.0173					Bond	angles	(°)	 1.8342	
B-factor	average	 41.78					Protein	 41.80					Ligand/ion	 34.94					Water	 41.52	Ramachandran	Plot	Region	(PROCHECK)	 	Most	favored	(%)	 87.9	Additionally	allowed	(%)	 10.3	Generously	allowed	(%)	 0.0	Disallowed	(%)	 0.0	Table	1:	Preliminary	statistics	for	data	collection	of	PCDH15	EC7-8.	The	numbers	present	the	information	of	complete	data	set.	The	numbers	in	parentheses	indicates	the	high-resolution	shell.		
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3.4	Data	processing	and	structure	determination	for	PCDH15	EC7-8	The	macromolecular	model	of	PCDH15	EC7-8	was	built	using	Coot	(Crystallographic	Object-Oriented	Toolkit)	and	an	initial	model	of	PCDH15	EC8-10	by	Dr.	 Raul	Araya-Secchi.	We	made	use	of	the	PCDH15	EC8	model	to	do	molecular	replacement,	obtain	initial	phases,	and	build	the	whole	EC7-8	structure.		 										 					
	
Figure	16:	(A)	Structure	of	PCDH15	EC7-8	visualized	by	VMD.	(B)	Topology	diagram	of	PCDH15	EC7-8.	The	missing	residues	are	indicated	in	red.			
EC7	
EC8	
A	 B	
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As	we	built	the	model,	we	used	the	software	Refmac	to	do	reciprocal	space	refinement.	The	current	R-factor	is	0.18	and	the	Rfree	factor	is	0.24,	which	indicate	the	agreement	between	our	crystallographic	model	and	the	experimental	data. The	relatively	small	R	factor	of	0.18	implies	a	minor	dissimilarity	between	experimental	observations	and	theoretical	calculated	values.														 					
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Chapter	4:	Structure	Analysis			The	studies	in	this	thesis	represent	the	initial	stages	of	the	structural	characterization	of	PCDH15	EC7-8	with	its	calcium-binding	linker	region.	After	optimizing	expression,	refolding,	and	purification	protocol	for	PCDH15	EC7-8,	I	successfully	crystalized	and	determined	its	structure.	The	structure	reveals	that	the	linker	region	between	EC7	and	EC8	in	PCDH15	binds	three	Ca2+	ions,	which	is	the	canonical	binding	mode	previously	observed	in	the	majority	of	cadherin	structures.		In	this	chapter,	I	will	analyze	this	canonical	calcium	dependent	structure	and	its	calcium	binding	sites.	Next,	I	will	talk	about	the	site	within	PCDH15	that	is	known	to	cause	deafness	when	mutated.	Then	I	will	discuss	interesting	interfaces	that	are	formed	by	crystal	contacts	of	PCDH15	EC7-8.	Finally,	I	will	discuss	the	implications	of	the	results	observed	in	this	study,	and	propose	further	experiments	that	are	aimed	not	only	at	reproducing	these	results,	but	also	at	gaining	a	better	understanding	of	non-classical	cadherins.			
4.1	Calcium	binding	sites	in	cadherins	There	are	five	conserved	calcium-binding	motifs	between	the	EC	repeats	in	cadherins	in	general.	The	complete	sequence	alignment	of	the	11	EC	repeats	of	PCDH15	is	shown	below	(Fig.	17)	and	shows	the	presence	or	absence	of	these	motifs	in	this	protein28.		
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Figure	17:	Alignment	of	PCDH15	EC	repeats	of	interest	for	this	thesis.	Mutations	linked	to	
deafness	are	circled	in	red.	Amino	acid	motifs	forming	calcium-binding	sites	are	shown	above	
alignment	(XEX BASE,	DXD,	DRE,	XDX TOP,	DXNDN).	Adapted	from	 28.	
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There	are	five	calcium-binding	motifs	within	PCDH15	extracellular	repeats.	The	first	binding	motif	is	the	XEXBASE,	the	second	one	is	the	DXD,	the	third	one	is	the	DRE,	the	fourth	one	is	the	XDXTOP	and	the	last	one	is	DXNDN.	The	letter	“X”	indicates	any	non-conserved	amino	acids,	while	the	preserved	amino	acid,	such	as	the	E	in	the	first	calcium-binding	motif,	indicates	its	interaction	with	the	calcium	ions	within	the	repeats.	Those	five	calcium-binding	motifs	work	together	to	maintain	the	structure	of	PCDH15	and	to	determine	its	elasticity.			
4.2	Analysis	of	PCDH15	EC7-8	structure	Based	on	our	molecular	replacement	solution	and	refinement,	we	obtained	the	molecular	structure	of	PCDH15	EC7-8	(Fig.	16),	which	is	similar	to	the	structure	of	other	cadherin	molecules.	The	EC7-8	fragment	contains	209	amino	acids	in	total,	which	correspond	to	residues	692	to	897.	We	were	able	to	place	the	majority	of	the	amino	acids,	water	molecules	and	three	calcium	ions	in	the	electron	density.	Chain	A	contains	major	amino	acids	of	our	protein	fragment,	chain	B	contains	calcium	ions	and	chain	C	contains	water	molecules.	There	were	still	a	few	missing	residues	starting	from	residue	863	to	867	that	we	were	unable	to	place	because	of	the	lack	of	electron	density.	According	to	the	molecular	structure,	there	were	three	calcium	ions	between	EC7	and	EC8.	The	first	calcium	is	coordinated	by	Glu	708,	Asn	757	and	Glu	759,	the	second	calcium	is	coordinated	by	Glu	759,	Asp790,	Asn	794	and	Glu	826	and	the	third	one	is	coordinated	by	Asp	792,	Asp	824	and	Asp	826.	The	structure	of	EC7-8	is	conserved	and	similar	to	that	of	PCDH15	EC1-222.			
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4.3	Location	of	deafness	site	PCDH15,	essential	for	the	auditory	system,	is	known	as	a	non-classical	cadherin	with	a	large	extracellular	domain	that	is	involved	in	hereditary	deafness.	The	most	frequent	cause	of	blind-deafness	in	humans,	Usher	syndrome,	is	related	to	genetic	mutations	that	modify	PCDH15	among	other	proteins.	An	unusual	point	mutation	locates	in	PCDH15	EC7	at	V767-,	where	the	in-frame	deletion	of	this	valine	is	known	to	cause	inherited	non-syndromic	deafness	DFNB2323.		
	The	point	mutation	locates	between	the	third	Ca2+	binding	motif	(DYE)	and	the	fourth	Ca2+	binding	motif	(XDXTOP)	as	shown	below	(Fig.	19),	and	does	not	directly	affect	calcium	binding	(the	point	mutation	is	circled	in	red).		
	
Figure	18:	Mutated	sequence	(V767-)	in	PCDH15,	which	is	highly	conserved	in	mammalian	species.	Adapted	from	23.		
Figure	19:	Partial	sequence	alignment	of	PCDH15	EC	repeats	with	point	mutation	V767-	circled	in	red.	Adapted	from	31.	
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						 										Figure	20:	Point	mutation	in	PCDH15	EC7	visualized	in	VMD.			As	we	have	solved	the	structure	of	PCDH15	EC7-8,	we	are	able	to	locate	the	point	mutation	within	our	sequence	to	know	how	would	the	mutation	affect	the	crystallized	structure	(Fig.	20).	We	are	also	able	to	know	how	the	point	mutation	could	interfere	within	the	crystal	contacts	that	may	show	physiologically	relevant	interfaces.		
	
	
	
EC1	IVVQ	EC2	II	QA	EC7	VVVA	EC8	SITF	
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4.4	A	potential	PCDH15	parallel	interface	After	finalizing	a	preliminary	model	for	PCDH15	EC7-8,	we	analyzed	it	with	PDBePISA	(Protein	Interfaces,	Surfaces	and	Assemblies)	to	determine	possible	intermolecular	interfaces29.	PISA	suggests	three	feasible	interfaces	between	EC7-8	units	(Table	2	and	Fig.	21).			
Table	2:	PISA	interface	list	of	PCDH15	EC7-8.								
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Figure	21:	PISA	analysis.	(A)	An	antiparallel	interface	
of	PCDH15	EC7-8	indicated	by	PISA.	(B)	A	parallel	
interface	of	PCDH15	EC7-8	indicated	by	PISA.	(C)	An	
antiparallel	interface	of	PCDH15	EC7-8	indicated	by	
PISA.	The	position	of	valine	residue	is	circled	in	red.	
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The	first	result	indicates	an	antiparallel	interface	area	of	750.6	Å2	with	a	ΔG	P-value	of	0.955.	This	large	P-value	indicates	that	the	interface	is	likely	to	be	a	crystallography	contact.	The	second	result	indicates	a	parallel	interface	with	an	interface	area	of	741.9	Å2	and	a	ΔG	P-value	of	0.148.	These	small	P-values	indicate	that	the	interface	is	more	hydrophobic	than	usual	crystallographic	contacts	and	may	exist	in	solution.	The	third	result	indicates	an	antiparallel	interface	with	an	interface	area	of	290	A2	and	a	ΔG	P-value	of	0.509.	This	P-value	indicates	that	the	interface	is	nor	surprising	in	terms	of	hydrophobicity.	Because	of	its	relatively	small	surface	area	compared	to	the	previous	two	results,	we	discard	it.	Based	on	our	preliminary	result,	we	are	still	debating	about	the	potential	parallel	and	antiparallel	interfaces	of	PCDH15	EC7-8.	We	believe	that	determining	whether	any	of	these	interactions	is	valid	would	help	us	to	have	a	better	understanding	of	PCDH15	function	and	the	structure	of	its	entire	extracellular	domain.		
	
4.5	The	importance	of	studying	non-classical	cadherins	
	My	structural	analysis	of	the	PCDH15	EC7-8	fragment	reveals	the	canonical	calcium	ion	stoichiometry	and	coordination	mechanism	of	the	EC7-8	linker	region.	The	point	mutation	V767-	provides	us	an	opportunity	to	visualize	the	interaction	of	this	deafness-related	mutation	and	speculate	about	its	mechanism23.	Interestingly,	by	analyzing	the	crystal	contacts,	we	may	be	able	to	detect	possible	interfaces.	By	finalizing	the	interface	analysis,	we	could	determine	whether	PCDH15	forms	a	parallel	homodimer	in	which	EC7	and	EC8	form	key	contacts.	To	validate	this	
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interface,	crystal	structures	with	more	EC	repeats	are	needed.	An	analysis	of	glycosylation	sites	is	also	needed.	
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